ABSTRACT: High enhancement of fluorescence emission, improved fluorophore photostability, and significant reduction of fluorescence lifetimes have been obtained from high aspect ratio (>100) silver (Ag) nanowires. These quantities are found to depend on the surface loading of Ag nanowires on glass slides, where the enhancement of fluorescence emission increases with the density of nanowires. The surface loading dependence was attributed to the creation of intense electric fields around the network of Ag nanowires and to the coupling of fluorophore excited states that takes place efficiently at a distance of 10 nm from the surface of nanowires, which was confirmed by theoretical calculations. The enhancement of fluorescence emission of fluorescein isothiocyanate (FITC) was assessed by fluorescence spectroscopy and fluorescence-lifetime imaging microscopy (FLIM) to demonstrate the potential of high aspect ratio Ag nanowires. Fluorescence enhancement factors exceeding 14 were observed on Ag nanowires with high loading by FLIM. The photostability of FITC was the highest on nanowires with medium loading under continuous laser excitation for 10 min because of the significant reduction in the fluorescence lifetime of FITC on these surfaces. These results clearly demonstrate the potential of Ag nanowires in metalenhanced fluorescence-based applications of biosensing on planar surfaces and cellular imaging.
■ INTRODUCTION
Metal-enhanced fluorescence (MEF) phenomenon is described as the increase in fluorescence emission of fluorescent species due to their close-range interactions with plasmon resonant metal nanoparticles. 1, 2 These interactions occur at distances of 4−200 nm and are a result of nonradiative transfer of energy from the excited state of the fluorescent species to surface plasmons of the metal nanoparticles (i.e., coupling of energies), which is scattered as fluorescence emission by the metal nanoparticles into free space. 3 Fluorescence emission from fluorescent species within 0−4 nm of metal nanoparticles is mostly quenched by metal nanoparticles. 4, 5 In addition, an increase in the electric fields between and around the metal nanoparticles because of plasmon−plasmon interactions can increase the extent of absorption of light by fluorescent species. 3, 6 Subsequently, while the overall fluorescence emission from the metal nanoparticle−fluorescent species system is increased significantly, the fluorescent species spend less time in their excited states (i.e., their lifetimes can be reduced) and emit fluorescence for a longer time (improved photostability). 7, 8 There are two major factors that affect the efficiency of the metal particle−fluorophore interactions: (1) size and type of the metal nanoparticles 9 and (2) the wavelength of emission of fluorophores. 10 It was previously described that the MEF phenomenon is related to absorption and scattering components of the metal nanoparticles and that the size of the metal nanoparticles play a critical role in the energy transfer from the fluorescent species to the metal nanoparticles. 3,11−13 For example, the use of metal nanoparticles smaller than 40 nm can result in quenching of fluorescence emission, 14 and the use of metal nanoparticles larger than 40 nm can enhance the fluorescence emission of fluorescent species. 15, 16 In addition, the most efficient nonradiative energy transfer from fluorescent species at their excited states to surface plasmons of metal nanoparticles occurs when there is a spectral overlap between the fluorescence emission of the fluorescent species and the dominant surface resonances of metal nanoparticles. 14 On the basis of the observed benefits of the MEF phenomenon described above, metal nanoparticles are employed in several fluorescence-based applications, such as immunoassays, 17 fluorescence in situ hybridization assays, and tracking of cellular mechanisms. 18−25 In these applications, fluorophores with high quantum yields are typically employed to increase the detectability of fluorescent emission, which can result in high background emission and poor fluorophore photostability. The use of metal nanoparticles (such as silver, 26 gold, 27 copper, 28 or aluminum 29 ) in these applications afford for the use of low quantum yield fluorophores, which can withstand prolonged exposure to excitation light so that multiple measurements can be made. The size of these metal nanoparticles can go up to 200 nm, which are randomly deposited as nanostructures of various shapes (islands, triangles, spheres, fractals, etc.) or precisely controlled arrays on planar surfaces. The preparation of randomly deposited metal nanoparticles can be achieved in solution or by electrochemical means and is relatively simpler than preparation of precisely controlled arrays that require sophisticated instrumentation. Precisely controlled arrays yield narrower surface plasmon resonances, which affords for better control of the scattered light and the optimization of spectral overlap between the fluorescent species and the surface resonances of metal nanoparticles. 30 In addition to metal nanoparticles mentioned above, noble metal nanowires are predicted, and in few occasions demonstrated, to create an alternative surface in MEF-based applications. 31, 32 Earlier theoretical simulations by Schatz et al. 30 showed that metal nanowires can generate intense electromagnetic fields at their ends as compared to other shapes. In addition, Olejnik et al. 33 have reported the enhancement of fluorescence intensity of chlorophyll molecules embedded in protein complexes coupled with Ag nanowires. They demonstrated that the enhancement of fluorescence emission was because of the interaction between excited states of chlorophyll-containing photosynthetic complexes and plasmon excitations in Ag nanowires. 33 However, 2-fold increase of the emission intensity was observed for complexes located at the ends of the nanowires, which was attributed to antennae effect, in which higher density of electromagnetic field is usually expected for structures with high curvature. 33 Moreover, Ag nanowires have also been demonstrated to strongly enhance the absorption of poly(3-hexylthiophene) (P3HT), which can be applied in improving the efficiency of organic solar cells. 34 Furthermore, Goldys et al. 31 ,32 have reported enhanced fluorescence emission from fluorophores placed within 4 nm of the high aspect ratio Ag and gold nanowire surfaces using fluorescein isothiocyanate (FITC)− albumin, which was attributed to the coupling of fluorescence emission to surface plasmons and enhanced electric fields around the tip of the nanowires. However, because of the nature of the synthesis of Ag nanowires via an electrochemical method, nanowires with fractal architecture were deposited in a heterogeneous manner and used for the measurements. Therefore, the enhancement of fluorescence by the Ag nanowire fractals was not uniform throughout the surface and varied depending on the thickness of Ag nanowire fractals. The lifetime of fluorophores was reported to decrease significantly and also was dependent on the thickness of Ag nanowire fractals; however, the photostability of fluorophores were not investigated. 31 Although the enhancement of fluorescence emission coupled with decreased lifetimes is important to demonstrate the MEF phenomenon, the demonstration of improved photostability of fluorophores is critical in successful application of MEF phenomenon in biosensing and cellular imaging applications.
We present the complete investigation for the use of surfacebound Ag nanowires with aspect ratio larger than 100 synthesized by a polyol method to show high enhancement of fluorescence emission, improved fluorophore photostability, and significant reduction of fluorescence lifetimes. To demonstrate that our deposition technique can be used to control the extent of Ag nanowires on glass slides, three different surface densities containing 0.33, 0.62, and 0.99 nanowires/μm 2 were prepared in a homogeneous fashion via spray coating. On the basis of our theoretical calculations, the largest predicted increase in the electric field around the Ag nanowires was ∼10 nm away from the Ag surface. In this regard, to maximize the efficiency of the interactions of excited state of the fluorescent species with the surface plasmons of the metal nanoparticles in the presence of the increased electric fields, we have designed a biotinylated albumin−FITC-labeled avidin-based bioassay to place the fluorescent species (FITC) at ∼11 nm. Fluorescence emission spectroscopy and fluorescencelifetime imaging microscopy (FLIM) techniques were employed to demonstrate the use of high aspect ratio Ag nanowires in potential MEF-based applications for biosensing on planar surfaces and cellular imaging, respectively. Fluorescence enhancement factors up to ∼14.3 were observed on Ag nanowires with high loading by FLIM. The photostability of FITC was significantly improved on Ag nanowires with medium loading under continuous laser excitation for 10 min because of the reduction in the fluorescence lifetime of FITC from 0.94 ns on blank glass slides to 0.51 ns on these surfaces.
■ EXPERIMENTAL SECTION
Materials. FITC-labeled avidin, bovine serum albumin (BSA), biotinylated bovine serum albumin (b-BSA), silicon isolator (12 well, 2.0 mm diameter, 1.5 mm deep), ethylene glycol (EG), silver nitrate (AgNO 3 ), poly(vinylpyrrolidone) (PVP, MW = 55 000 g/mol), and sodium chloride (NaCl) were all obtained from Sigma-Aldrich and used without further purification. All aqueous solutions were prepared using deionized water (>18.0 MΩ·cm resistivity at 25°C) obtained from a Millipore Direct Q3 system except when stated otherwise.
Methods. Synthesis and Deposition of Ag Nanowires onto Glass Slides. Synthesis of Ag nanowires and their following deposition onto glass slides were achieved according to the procedure reported elsewhere. 35 In the synthesis process, 10 mL of 0.45 M ethylene glycol solution of PVP (monomerbased calculation MW = 55 000 g/mol) was prepared, then 7 mg of NaCl (99.5%) was added into the polymer solution. The PVP/EG solution was then heated to 170°C. A separate AgNO 3 solution in 5 mL of EG was then prepared and added dropwise to the PVP/EG solution using an injection pump (Top-5300 model syringe pump) at a rate of 5 mL/h. The solution was then annealed for another 30 min at 170°C and later air-cooled to room temperature. To purify the synthesized Ag nanowires, the solution was diluted with acetone (in a ratio of 1:5) and centrifuged twice at 8000 rpm for 20 min. Nanowires were then dispersed in ethanol and centrifuged for a second time at 8000 rpm for 20 min. The final product was then dispersed in ethanol. The deposition of Ag nanowires from ethanolic solutions to glass substrates was made possible by spray coating. To obtain Ag nanowire networks with different densities, the number of spraying steps was increased. The Ag nanowire-deposited glass slides were then placed on a hot plate heated to 130°C for instant evaporation of ethanol. As-coated Ag nanowires were used directly in MEF studies and were annealed at 200°C for 20 min for the removal of residual PVP from lateral surfaces of nanowires to be used only in scanning electron microscopy (SEM) analysis. ImageJ (soft-ware developed by National Institutes of Health) was used for the network density calculations.
Preparation of the Protein Assay (Biotin−Avidin) on Ag Nanowire-Deposited Glass and on Blank Glass Slides (Control Assay). The procedure for the preparation of the model assay was adopted from previously published papers based on the binding of b-BSA onto Ag and glass surfaces. 36, 37, 11 Scheme 1A summarizes the steps involved in the preparation of protein assay on all surfaces, where fluorophores are placed ∼11 nm away from the Ag surface (Scheme 1B). Biotin groups were introduced to the surface by the employment of b-BSA, before the binding of FITC-labeled avidin via specific interactions of biotin and avidin, which forms a monolayer on the Ag nanowires and blank glass slides (control surface). The binding of b-BSA (∼30 μL) to Ag nanowires and blank glass covered with a silicon isolator was accomplished by incubating 10 μM of b-BSA in a pH 7 buffer for approximately 30 min, which was then washed using buffer solution to remove unbound materials and dried using air. BSA solution (∼30 μL, 0.5 mg/mL) was then incubated within the chambers of the silicon isolator for 30 min to minimize nonspecific binding of FITC-labeled avidin onto the surfaces. FITC-labeled avidin was prepared using PBS buffer solution at a pH of 7, and the stock solution was diluted to achieve a final concentration of 1 μM. Subsequently, 30 μL of 1 μM of FITClabeled avidin was then added into the b-BSA-coated Ag nanowire-deposited and blank glass for 30 min at room temperature (20°C).
Fluorescence Measurements and Real-Color Images. In this investigation, all fluorescence emission spectra were measured using an in-house build setup for fluorescence spectroscopy, equipped with a Fiber Optic Spectrometer (Jaz, Ocean Optics, Inc., FL, U.S.A.), a laser 473 nm (BW&Tek, Inc., DE, U.S.A.), fiber optic connections and reflective mirrors as shown in Scheme 1C). Samples were excited at a 45°angle and the fluorescence emission was detected through a 473 nm razor-edge emission filter (Thorlabs, USA). In addition, all fluorescence measurements were carried out in 2 min while the laser beam was blocked in between measurements (actual laser exposure time is ∼4 s for each measurement), to minimize the photodestruction of the fluorophores. In this regard, fluorescence measurements are consistent with respect to laser exposure and detection periods. Real-color images of FITC-labeled avidin on Ag nanowire-deposited and blank glass were taken with an 8 MP digital camera through the same emission filter as used to record the emission spectra.
Photostability Experiments. The photostability of FITC was accomplished at 473 nm using continuous laser excitation for 600 s.
Fluorescence Lifetimes. All fluorescence lifetime measurements for fluorescein-labeled avidin on Ag nanowire-deposited and blank glass slides were performed (Center for Fluorescence Spectroscopy, University of Maryland School of Medicine, Baltimore, MD, U.S.A.) using a PicoQuant Single-Molecule Scanner (Berlin, Germany) mounted on an Olympus IX71 inverted microscope (Tokyo, Japan) with an Olympus LCPLFL 20× objective lens and numerical aperture of 0.40. The fluorescence lifetimes for all samples were determined at room temperature on glass substrates. In addition, the image area was 200 × 200 μm with frames (4× average) of 256 × 256 pixels. Intensity values were measured with 2 ms dwell times, and the Theoretical Simulations. COMSOL Multiphysics was employed to simulate the electric field distributions around Ag nanowires, multiple array configurations of Ag nanowires with an average diameter and length of 72 nm and ∼10 μm, respectively (based on finite element method to solve Maxwell's equation for a coupled emitter−nanowire system, version 4.3b with RF module). [Note: the wavelength of the light source was selected to be 520 nm, similar to the fluorescence emission wavelength of FITC.] In this regard, Ag nanowires were simulated in a single line of horizontal and vertical, and horizontal (2 × 3) and vertical (3 × 2) array formats to predict the coupling of fluorescence emission to translational mode of surface plasmon (shown in Figure 4C ). The horizontal (2 × 3) and vertical (3 × 2) array format was simulated to investigate the SPR effect at the Ag nanowire junctions formed by overlapping deposition as compared to that of a single nanowire.
■ RESULTS AND DISCUSSION
The Ag nanowires were synthesized using a solution-based polyol process. 38, 39 To demonstrate the utilization of PVPmodified Ag nanowires in MEF-based applications on solid platforms, these nanowires were deposited onto glass slides. The loading of the Ag nanowires on glass slides was changed by the number of spraying steps. Figure 1A shows the absorbance spectrum (380−1000 nm) of Ag nanowires in ethanol solution. A dominant surface plasmon resonance peak (SPR) peak at a wavelength of ∼380 nm for Ag nanowires in solution was observed, which is consistent with typical optical properties of Ag nanowires synthesized via the polyol process. 40 The SPR peak at 380 nm corresponds to the transverse SPR mode of the Ag nanowires. 41 However, no longitudinal SPR mode for Ag nanowires in solution was observed within the wavelength range of 380−1000 nm, implying the presence of significantly large (>100) aspect ratio Ag nanowires. It is important to note that the wavelength range of 380−1000 nm studied here overlaps with the range of emission wavelengths of most commercially available fluorophores for MEF applications. Therefore, it is thought that the longitudinal SPR peak (>1000 nm) has no effect on the fluorescence emission of fluorophores. In addition to the observations described above, the absorption spectrum of Ag nanowires in solution displayed broadening, which can be attributed to the coupling of the SPR due to the decrease in spacing between the nanowires. The inset of Figure  1A shows the real-color photograph of Ag nanowires in solution before their use in the spray coating process. The Ag nanowire solution is a cloudy yellow-green, a typical color of Ag colloids with a dominant transverse SPR peak around 400 nm.
Ag nanowires deposited onto glass slides were also characterized by optical spectroscopy. Figure 1B shows the absorbance spectrum (380−1000 nm) of Ag nanowires (i.e., low, medium, and high loading) on glass slides with their respective standard deviation at ∼430 nm, which shows the reproducibility of the Ag nanowires, and the inset shows their real-color photographs. A blank glass slide was used as the control surface and is shown to demonstrate the change in the color of glass slides following the deposition of Ag nanowires with different surface loading. The color of the glass slides changes from transparent to opaque as the loading of the Ag nanowires on glass slides increases. The dominant transverse SPR peak for Ag nanowires on glass slides appears around 380 nm. Similar to Ag nanowires in solution, the longitudinal SPR peak for Ag nanowires on glass slides was not observed. The observed minimum in absorption spectrum at 720 nm can be attributed to the change in the dielectric constant of the surface due to the presence of PVP and is not related to surface plasmons.
In addition to the characterization of optical features of the Ag nanowires described above, SEM was employed to quantify the extent of loading of Ag nanowires on glass slides and to visualize the surface features of the glass slides; the results are shown in Figure 2 and Figure S1 in Supporting Information. SEM images of Ag nanowires on glass slides show that the average diameter and length of Ag nanowires for all surfaces was ∼72 nm and ∼10 μm, respectively. The average aspect ratio (i.e., length/diameter) of the nanowires is then calculated to be greater than 100. The thickness of the PVP coating on the nanowires was measured to be ∼3 nm for all surfaces ( Figure  2B inset) . The Ag nanowire loading on glass slides was calculated to be (i) 0.33 nanowires/μm 2 for low loading, (ii) 0.62 nanowires/μm 2 for medium loading, and (iii) 0.99 nanowires/μm 2 for high loading. SEM images also show that Ag nanowires form a network composed of individual nanowires without any apparent aggregation. However, nano- wires appeared to overlap on several contact points on the samples even for the low loading (Figure 2A and Figure S1A in Supporting Information). As the loading of Ag nanowires was increased, the number of contact points between the nanowires increase, which can result in the increased electric fields near the contact points. Therefore, the fluorescence emission of fluorophores located at the contact points can be significantly enhanced because of coupling of surface plasmons, which is the crux of the use of Ag nanowire networks with high aspect ratio in MEF applications. It is also important to note that the spray coater employed in this work for the deposition of Ag nanowires onto glass slides yields highly reproducible surfaces ( Figure 2C ), which is critically important for quantitative applications of MEF.
To elucidate the coupling of fluorescence emission to translational mode of surface plasmons for Ag nanowires, theoretical simulations were carried out for various interparticle distances using COMSOL Multiphysics. In this regard, several types of configurations of Ag nanowires on glass slides were considered based on our SEM images, where nanowires were either stacked side-by-side (horizontally) or vertically, as depicted in Figure 3 . The distance between the individual Ag nanowires was varied between 6 and 1000 nm to simulate all potential configurations of nanowires on the surface, i.e., a distance of 6 nm corresponds to two Ag nanowires overlapping (vertically) or placed side-by-side (horizontally) on the glass slides without any separation. It is important to note that each Ag nanowire has a ∼3 nm thick PVP coating, and the closest distance between the two Ag nanowires with PVP is ∼6 nm. Figure 3A ,B shows the largest predicted electric field intensity (E z ) versus interparticle distance (6−1000 nm) for all configurations of the Ag nanowire networks. Figure 3A ,B also shows that the largest value of electric field intensity was predicted to occur at a distance of 10 nm between the Ag nanowires for all configurations. Figure 3C shows the electric field distribution for Ag nanowire networks with an interparticle distance of 10 nm. The electric field intensity is predicted to The electric field (E z ) density distribution over the translational cross section of Ag nanowires (the distances between the nanowires are 10 nm). In this configuration, the wavelength of the light source is 520 nm, similar to the fluorescence emission wavelength of FITC, which is expected to be ∼11 nm from the Ag nanowires in all directions, as depicted in Scheme 1 have the largest value between the individual Ag nanowires and decreases significantly at locations beyond nanowires. These predictions imply that the coupling of the excited states of the fluorophores to surface plasmons of Ag nanowires occurs mainly when they are located within ∼10 nm of each other. It is also interesting to note that the predicted increases in the electric field intensity are similar for both the horizontal and vertical configurations of Ag nanowire networks, which implies that the variation of average measured fluorescence emission intensities from these surfaces should be minimal. Therefore, MEF-based applications of Ag nanowire networks are expected to yield homogeneous fluorescence measurements throughout the surface, which is critical for the reproducibility of these applications.
To demonstrate the proof-of-principle use of Ag nanowires in MEF-based applications, nanowires were coated with b-BSA (model protein of interest) and FITC-labeled avidin (the detector protein). 11 In this regard, the following two detection techniques were employed: (1) fluorescence spectroscopy for biosensing applications based on planar surfaces and (2) FLIM for applications that require fluorescence measurements from a small area. Figure 4A shows the summary of the results of the fluorescence emission spectra of FITC measured from Ag nanowire-deposited glass slides (low, medium, and high loading). A control experiment with blank glass was also carried out to assess the effect of Ag nanowires on the fluorescence emission of FITC. It is important to note that the fluorescence emission spectra of FITC were collected from the randomly selected points with ∼2 mm diameter on the surfaces exposed to laser excitation. Subsequently, the fluorescence emission was averaged over the area of the laser spot (as shown in the inset of Figure 4A , real-color photographs of fluorescence emission taken through an emission filter from the Ag nanowires and glass surfaces). In this configuration, the fluorescence emission spectrum is collected by a fiber optic detector placed 1 cm from the surface, which results in the inclusion of lower emission values from the darker area surrounding the laser spot. Figure 4A shows that the emission intensity of FITC at 520 nm increases as the loading of the Ag nanowire networks increases on the glass surface. The enhancement factor (EF) of fluorescence intensity (arbitrary units) on Ag nanowires was calculated as the intensity values of nanowires divided by the intensity values observed on the control samples, and the results are provided in the inset of Figure 4A for (i) low loading (EF = 1.56), medium loading (EF = 1.89), and high loading (EF = 2.20). The experimental configuration employed here is typically used in MEF-based biosensing applications carried out on planar substrates. 36,42−46 It is important to comment on the relevance of theoretical calculations (Figure 3 ) to the experimental fluorescence data presented in Figure 4 . We note that the theoretical simulations were used to elucidate the coupling of fluorescence emission to the translational mode of surface plasmons for Ag nanowires in terms of electric field distribution around the Ag nanowires created by a single-wavelength light source at 520 nm. These predictions revealed that the coupling of the excited states of the fluorophores to surface plasmons of Ag nanowires occurs mainly when they are located within ∼10 nm of each other. On the other hand, the data presented in Figure 4 is from the coupling of fluorescence emission of 500−600 nm ( Figure 4A ) to Ag nanowires. It is thought that the increased electric fields around nanowires facilitate the coupling of fluorescence emission to surface plasmons of Ag nanowires. We also note that the predicted values in Figure 3 are for electric field (volts per meter) and the fluorescence enhancement factors shown in Figure 4 are dimensionless (intensity (counts per seccond) on Ag divided by intensity on glass (counts per seccond)). Therefore, there is no direct correlation between volts per meter and the dimensionless enhancement factor.
To investigate the effect of Ag nanowires on fluorescence emission from a smaller area (∼2 × 2 μm 2 ) for localized events, such as tracking of cellular mechanisms, 18−24 the fluorescence emission intensity of FITC at 514 ± 30 nm was measured using FLIM with a dwell time of 1 ms ( Figure 4B ). The fluorescence emission intensity on glass was measured as 38.3 (arbitrary units, a.u; Ag nanowires with low loading, 78.4 (a.u); medium loading, 246.4 (a.u); high loading, 548.0 (a.u)). The enhancement factor for fluorescence emission from the Ag nanowires was calculated as 2.05, 6.43, and 14.3 for low, medium, and high loading, respectively. These observations can be attributed to the increased coupling of fluorescence emission to the surface plasmons of Ag nanowires, where the extent of coupling is directly related to the loading of nanowires in close proximity to the fluorophores. 31, 32 In this regard, as the loading of Ag nanowires on the surface is increased and the extent of contact points between the overlapping nanowires is increased, the coupled emission can extend to neighboring nanowires, which can in turn produce new channels for energy transfer and subsequently increase the fluorescence signal. 31, 32 It is also important to comment on the extent of protein present on blank glass and silvered surfaces, which can contribute to the enhancement of fluorescence on silvered surfaces because of the differences between the surface area of both surfaces. Our research group has previously reported that the extent of proteins on silvered surfaces (50−90 nm in diameter) and blank glass slides are similar. 47−49 Therefore, the potential contribution of increased surface area on silvered surface to the enhancement of fluorescence was deemed to be insignificant as compared to the effect of surface plasmons on fluorescence emission.
In MEF-based applications, the detectability of the fluorescence emission is also affected by the photostability of the fluorophores. 50 In this regard, the photostability of FITC adsorbed onto Ag nanowires as compared to a glass surface was investigated, and the results can be seen in Figure 5 . Figure 5A shows the raw data for fluorescence emission from FITClabeled avidin on Ag nanowire-deposited glass slides and control samples as a function of time. The emission intensity of FITC on blank glass slides (initial value ∼3109) was decreased by 26% after 10 min of continuous laser excitation (final value ∼2308), while the decrease in fluorescence emission intensity of FITC was 22%, 22%, and 28% for Ag nanowires with low, medium, and high loading, respectively. Figure 5B shows the time progression of the decrease in the normalized fluorescence emission intensity of FITC as described above. Figure 5B also shows that the fluorescence emission of FITC decreases the fastest on glass slides and the slowest on Ag nanowires with low loading (i.e., 0.33 nanowires/μm 2 ). To explain these observations from the perspective of total number of photons detected from each surface for the duration of 10 min, the area under each curve was calculated. Although the decrease in fluorescence emission intensity of FITC on blank glass slides and Ag nanowires with high loading are similar (Figure 5B ), the total number of photons detected from Ag nanowires with high loading (2.10 × 10 6 ) is ∼2.44-fold greater than the total number of photons detected from blank glass slides (0.86 × 10 6 ). These results imply that the Ag nanowires deposited onto glass slides can increase the detectability of the fluorescence emission from samples as compared to the blank glass slides.
It has been previously shown and discussed in numerous papers on MEF phenomena that the lifetime of fluorophores are also modified when placed in close proximity to Ag nanostructures.
11,31,51,52 Therefore, we measured the fluorescence lifetime of FITC on all surfaces using FLIM. Figure 6A − D show the fluorescence lifetime image and histogram for FITC adsorbed onto blank glass slides ( Figure 6A ) and onto Ag nanowires (Figure 6B−D) . The average lifetime (τ) for FITC on blank glass slides was measured to be 0.94 ± 0.12 ns, which was significantly reduced on Ag nanowires (low loading, τ = 0.62 ± 0.12 ns; medium loading, τ = 0.51 ± 0.07 ns; and high loading, τ = 0.60 ± 0.10 ns). The largest reduction in fluorescence lifetime of FITC was observed on Ag nanowires with medium loading, which explains the observation of improved photostability on these surfaces. These results provide direct evidence for the coupling of excited-state energies of FITC with the surface plasmons of nanowires with high aspect ratio.
■ CONCLUSIONS
Ag nanowires with aspect ratio larger than 100 were deposited onto glass slides using a spray deposition method in a homogeneous and reproducible fashion. Nanowire density on the glass surface was varied to generate low, medium, and high levels of loading. The ability of Ag nanowires to enhance the fluorescence emission of a fluorophore placed in close proximity was assessed using fluorescence spectroscopy and FLIM. In this regard, FITC-labeled avidin was placed ∼11 nm away from Ag nanowires using biotin−avidin interactions. The fluorescence emission of FITC was enhanced up to ∼2.2-fold on Ag nanowires with high loading as compared to a control surface (i.e., blank glass without nanowires) using fluorescence spectroscopy over a surface ∼2 mm in diameter. Fluorescence emission measurements on Ag nanowires with high loading and a control sample from a smaller area (2 × 2 μm 2 ) using FLIM revealed that the enhancement of fluorescence emission of FITC was ∼14.3-fold. The variation in the fluorescence emission enhancement factors obtained using fluorescence emission spectroscopy and FLIM was attributed to the experimental setup, which can be used in MEF-based biosensing applications on planar platforms and cellular imaging, respectively. In addition, the distance-dependent electric field distribution around Ag nanowires was investigated by theoretical simulations, which indicated that the optimum distance for efficient coupling of fluorescence emission from fluorophores to surface plasmons of Ag nanowires is ∼10 nm. It was also observed that FITC molecules showed the highest photostability on Ag nanowires with medium loading under continuous laser excitation for 10 min, which can be attributed to the significant reduction in the fluorescence lifetime of FITC on these surfaces. The observations of increased fluorescence intensity, greater fluorophore photostability, and reduced lifetime in the presence of nanowires described in this work prove that MEF from Ag nanowires with high aspect ratio can be observed. Our results simply reveal that Ag nanowires on glass slides can be used as alternative surfaces in MEF-based applications.
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